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Two dimensionality in quasi one-dimensional cobalt oxides 
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By means of muon spin rotation and relaxation (/i + SR) techniques, we have investigated the 
magnetism of quasi one-dimensional (ID) cobalt oxides AE n +2Co n +i03 n +3 (AE=Ca,, Sr and Ba, 
n=l, 2, 3, 5 and 00), in which the ID C0O3 chain is surrounded by six equally spaced chains forming 
a triangular lattice in the ab-plane, using polycrystalline samples, from room temperature down to 
1.8 K. For the compounds with n=l - 5, transverse field /^ + SR experiments showed the existence 
of a magnetic transition below ~100 K. The onset temperature of the transition (T° n ) was found 
to decrease with n; from 100 K for n=l to 60 K for n=5. A damped muon spin oscillation was 
observed only in the sample with n=l (Ca3Co20e), whereas only a fast relaxation obtained even at 
1.8 K in the other three samples. In combination with the results of susceptibility measurements, 
this indicates that a two-dimensional short-range antiferromagnetic (AF) order appears below T° n 
for all compounds with n—1 - 5; but quasi-static long-range AF order formed only in Ca3Co2C>6 , 
below 25 K. For BaCoC>3 (n=oo), as T decreased from 300 K, ID ferromagnetic (F) order appeared 
below 53 K, and a sharp 2D AF transition occurred at 15 K. 

PACS numbers: 76.75.-K, 75.40.Cx, 75.50.Ee 
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I. INTRODUCTION 



In the two-dimensional (2D) layered cobalt 
oxides, Naj;Co02, [Ca2Co03]o.62[CoC>2] and 
[Ca2Co4/ 3 Cu 2 /304]o.62[Co02], a long-range magnetic or- 
der — which is clearly incommensurate spin density wave 
in single crystalline samples — was previously found at 
low temperatures by positive muon spin rotation and 
relaxation (/i + SR) experiments. 0, Q> M 0> HI Several 
researchers reconfirmed later the existence of long-range 
magnetic order in the layered cobaltites by not only 
/i + SR <6J but also neutron diffraction experiments. 
These cobaltites share a common structural component 
as a conduction path, i.e., the C0O2 planes, in which a 
two-dimensional-triangular lattice of Co ions is formed 
by a network of edge-sharing CoC>6 octahedra. 

This leads naturally to the question of the (cause and 
effect) interrelationship between magnetism and dimen- 
sionality. That is, the most stable spin configuration as 
a function of a spin density in low dimensional systems. 
Recently, a homologous series of A n+2 B' ' B n Oj, n +3 (A= 
Ca, Sr, Ba, B' and B—Go) was discovered, in which 
charge carrier transport is restricted mainly to a one- 
dimensional (ID) [B'B„03, i+ 3] chain. 0,0 Each chain is 
surrounded by six equally spaced chains forming a tri- 
angular lattice in the afr-plane. As seen in Fig. ^ the 
[B'BOq] chain in the n=l compound consists of alternat- 
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ing face-sharing B'Oq trigonal prisms and BOq octahe- 
dra. As n increases, only the number of [BOg] octahedra 
increases so as to build the chain with n [BO§\ octahedra 
and one B'Oq trigonal prism. 

The n=l compound, Ca3Co20g, in particular, has at- 
tracted much attention for the past eight years, 0, 0, 
ITzI \l$L ITU llBl Hrj| because it is considered to be a typical 
quasi-lD system. It was found that Ca3Co 2 06 exhibits a 
transition from a para magn etic to an antiferromagnetic 
state below 24 K (=Tn), 11] although the magnetic struc- 
ture is not fully understood even after neutron scattering 
studies, probably due to the competition between the 
intra-chain ferromagnetic (F) and inter-chain antiferro- 
magnetic (AF) interactions. [ill The valence state of 
the Co ions was assigned to be +3; also, the spin config- 
uration of Co 3+ ions in the C0O6 octahedron is the low- 
spin (LS) state with S=0 and in the CoOg prism the high- 
spin (HS) state with 5=2. [IH Ell EH At lower tempera- 
tures, magnetization and 59 Co-NMR measurements sug- 
gested the existence of a ferrimagnetic transition around 
10 k, pi [II El which, however, was not seen in the spe- 
cific heat (C p ). [2(j Furthermore, the C p measurement 
revealed an indication of either a short-range magnetic 
order or a gradual change in the spin state of Co ions at 
higher temperatures (100 - 200 K).po| 

The other end member, BaCoOs (n=oo), crystallizes 
in the hexagonal perovskite structure, in which the face 
sharing CoOg octahedra form a ID C0O3 chain. The 
chains locate on a corner of the two-dimensional tri- 
angular lattice separated by Ba ions.[2l] Although a 
weak ferromagnetic, ferrimagnetic or spin-glass-like be- 
havior was observed below ^100 K in the susceptibility, 
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FIG. 1: Structures of the quasi one-dimensional cobalt oxides 
A n+2 B' B n 3 „+3 (A= Ca, Sr, Ba, B' and B=Co). (a) n=l, 
(b) n=3 and (c) n=oo. 



|22j, |23j so far there are no reported studies using neu- 
tron scattering, NMR or /i + SR on BaCoOa. Addition- 
ally, a recent electronic structural calculation (LDA+U) 
predicted a ferromagnetic ground state as the most stable 
configuration. [24| The structure of BaCoQ 3 is the same 
to that of CsCoCl 3 and/or BaVS 3 , |H El which are 
known as typical ID systems with 5=1/2. The electronic 
configuration (£| s ) of Co 4+ ions in BaCoC>3 suggests that 
the nature of BaCoC>3 is more like that of BaVS3 (with 
t\ g for V 4 +) than that of CsCoCl 3 (t^ej for Co 2 +). In 
other words, the interaction between t^g orbitals pre- 
sumably plays the dominant role for magnetism in both 
BaCoC>3 and BaVS3. Also, BaVS3 exhibits a structural 
phase transition at 240 K, a metal-insulator transition at 
69 K and an AF transition at ~30 K. [23 However, 
a ZF-/j + SR experiment on BaVS3 did not detect muon 
spin oscillations, even at 2.2 K, but only a fluctuating 
random field well described by a dynamic Kubo-Toyabe 
relaxation function. p9| 

For the compounds with 2< n < oo, there are very 
limited data on physical properties, except for the struc- 
tural data.jl, Very recently, Takami et al. reported 
transport and magnetic properties for the compounds 
with n=2 - 5. [30| According to their susceptibility (x) 
measurements, there are no drastic changes in the x(T) 
curve below 300 K for all these compounds, while the 
slope of x _1 changes at around 180 K for the compounds 
with n=2 and 3. 

As n increases from 1, the Co valence increases from 
+3 and approaches +4 with increasing n up to oo; 
i.e., BaCoOs. Also the ratio between prism and oc- 
tahedron in the ID C0O3 chain reduces from 1/1 for 
n=l to for 71=00.0 Further systematic research on 
A n+ 2B' B n 03 n +3 is therefore needed to provide more sig- 
nificant information concerning the dilution effect of HS 
Co 3+ in the ID chain on magnetism. In particular, muon 
spin spectroscopy, as it is very sensitive to the local mag- 
netic environment, is expected to yield crucial data in 
frustrated low-dimensional system, as was the case for 
the 2D layered cobaltites. 



TABLE I: Composition and lattice parameters for quasi-one- 
dimensional cobalt oxides, A n +2B' B n Osn+3 (A= Ca, Sr, Ba, 
B' and P=Co). Here, b=a, a=/3=90° and 7=120°. 









lattice parameters 




n 


composition 


o(A) 


C (A) 


space group 


1 


Ca3Co2 06 


9.07 


10.38 


R3c 


2 


Sr 4 Co 3 09 


9.35 


10.57 


P321 


3 


Sr 5 Co40i2 


9.4 


20.2 


P3cl 


5 


(Sr 1/2 Ba 1 / 2 )7Co60i8 


9.7 


30.2 


P3cl 


00 


BaCoOs 


5.65 


4.75 


PGs/mmc 



Here we report on a series of measurements at both 
weak (relative to the spontaneous internal fields in the 
ordered state) transverse-field, (wTF-) /i + SR, and zero 
field, (ZF-) /i + SR, for polycrystalline n=l, 2, 3, 5 and 
00 compounds at temperatures between 1.8 and 300 K. 
The former method is sensitive to local magnetic or- 
der via the shift of the /i + spin precession frequency in 
the applied field and the enhanced /i + spin relaxation, 
while ZF-/i + SR is uniquely sensitive to weak local mag- 
netic [dis] order in samples exhibiting quasi-static param- 
agnetic moments. 



II. EXPERIMENT 

Polycrystalline samples of quasi-lD cobalt oxides were 
synthesized at Nagoya University by a conventional solid 
state reaction technique, using reagent grade C03O4, 
CaC03, SrCC"3 and BaCC"3 powders as starting mate- 
rials. For BaCoC>3, a sintered pellet was annealed at 
650 °C for 150 h in oxygen under pressure of 1 MPa. Pow- 
der X-ray diffraction (XRD) studies indicated that the 
samples were single-phase of hexagonal structure. The 
composition and lattice parameters of the five samples 
are summarized in Table [I] The preparation and charac- 
terization of the samples with n= 1 - 5 were reported in 
detail elsewhere. [30| 

Magnetic susceptibility (x) was measured using a 
superconducting quantum interference device (SQUID) 
magnetometer (mpms, Quantum Design) at tempera- 
tures between 2 - 600 K with magnetic field H < 55 kOe. 
Heat capacity (C p ) was measured using a relaxation tech- 
nique (ppms, Quantum Design) in the temperature range 
between 300 and 1.9 K. The /j + SR experiments were per- 
formed on the M20 surface muon beam line at TRIUMF. 
The experimental setup and techniques were described 
elsewhere. |3l) 
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FIG. 2: Temperature dependences of (a) An and (b) A n , and 
(c) inverse susceptibility x _1 m Ca3Co206 (n=l). The data 
were obtained by fitting the wTF-/x + SR spectra using Eq. Q. 
X was measured with magnetic field i/=I0 kOe in zero field 
cooling mode. [sfj] 



III. RESULTS 



A. n=l compound, Ca3Co20e 



The wTF-/i + SR spectra in a magnetic field of H ~ 
90 Oe in the Ca3Co20g ("-=1) sample, exhibit a clear 
reduction of the /i + precession amplitude below ^100 K. 
The wTF-/i+SR spectrum below ~100 K was well fitted 
in the time domain with a combination of four signals; 
a slowly relaxing precessing signal caused by the applied 
field, a fast relaxing precessing signal induced by quasi- 
static internal fields, a slowly non-oscillatory and a fast 
non-oscillatory background signals, namely: 

A P(t) = A TF exp(-AjFi) cos^.tf* + 4>tf) 
+ A A f cxp(-A A f£) cos(w M) af* + 4>af) 

+ A fast exp(-Afastt), 



where Aq is the initial (t=0) asymmetry, P{t) is the muon 
spin polarization function, w^.tf and w M! af are the muon 
Larmor frequencies corresponding to the applied weak 
transverse field and the internal antiferromagnetic field, 
0tf and </>af are the initial phases of the two precessing 
signals and A n and A„ (n = TF, AF, fast and slow) are 
the asymmetries and exponential relaxation rates of the 
four signals. The fast relaxing precessing signal has a fi- 
nite amplitude below ~ 30 K and the two non-oscillatory 
signals (n=fast and slow) below ~ 80 K. 

Figures Ufa) -H{c) show the temperature dependences 
of A n , X n (n=TF, AF, fast and slow), and inverse suscepti- 
bility x _1 measured in field cooling mode with H=10 kOe 
in the Ca3Co206 sample (n=l compound). As T de- 
creases from 200 K, the magnitude of Ajf is nearly in- 
dependent of temperature down to 100 K; then Ajf de- 
creases rapidly as T is lowered further. [32] Finally Ajf 
levels off to zero at temperatures below about 30 K. This 
indicates the existence of a magnetic transition below 
around 100 K. Since Ajf is proportional to the volume of 
a paramagnetic phase, the volume fraction Vf of the mag- 
netic phase below 30 K is estimated to be ~ 100%. On 
the other hand, the Af ast (T) curve exhibits a maximum at 
around 30 K, probably due to the onset of even stronger 
local fields (resulting in unobservably fast muon spin de- 
polarization) below 30 K. The magnitude of Af ast reaches 
the full asymmetry of ~0.22 at the maximum. The two 
other signals, Aaf and A s \ ow , appear below around 20 K, 
whereas Af ast seems to disappear below 20 K. 

Both the Xjf(T) and the Af ast (T) curves exhibit a 
broad maximum around 60 K and 30 K, respectively. 
That is, Ajf increases with decreasing T from 200 K to 
60 K, then decreases below 60 K. Meanwhile, Af ast in- 
creases with decreasing T from about 80 K (where it is 
first detected) down to 30 K, after which it decreases 
down to the lowest temperature measured. It is note- 
worthy that the highest value of Af ast (~ 60 x 10 6 s _1 ) is 
20 times larger than that of Ajf (~3x 10 6 s _1 ). 

In order to elucidate magnetism below 30 K in greater 
detail, Fig.|3]shows ZF-^i + SR time spectra for Ca3Co206 
below 36.7 K. The spectrum at 36.7 K consists mainly of 
a fast relaxed non-oscillatory signal, while below 23.2 K a 
first minimum and maximum are clearly seen, indicative 
of a fast relaxing oscillation. Indeed, this spectrum is 
reasonably well fitted with a combination of an exponen- 
tially relaxed cosine oscillation (for a quasi-static internal 
field) and fast and slow exponential relaxation functions 
(for fluctuating moments), given by the the last three 
terms in eq. (QJ. Moreover, it was very difficult to fit 
using Kubo-Toyabe functions, which describe a random 
field distribution. We therefore conclude that Ca3Co20g 
undergoes a magnetic transition to a long-range ordered 
state below ^30 K. Only the first minimum and maxi- 
mum can be observed in the spectra even at 1.8 K, in- 
dicating that the formation of the long-range order is 
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FIG. 3: ZF-/J+SR spectra for Ca 3 Co 2 06 at 1.8, 9.9, 23.2, 
26.7, and 36.7 K. The spectra are each shifted upwards by 
0.08 for clarity of the display. 



strongly suppressed probably due to geometrical frustra- 
tion in the triangular lattice. 

Figures 0Ja) -^d) show the temperature dependences 
of A n , X n (n—AF, fast and slow) and muon precession 
frequency t'AF^ ^^.af/^) m CaaCc^Oe- The oscillat- 
ing signal has a finite intensity below 27 K, while the 
slow exponential relaxed signal disappears below around 
30 K. This means that the magnetic moment fluctuating 
at high temperatures slows down with decreasing T and 
then orders below 27 K, and becomes quasi-static (within 
the experimental time scale). The T dependence of t'AF, 
which is an order parameter of the transition, is in good 
agreement with the T dependence of the intensity of the 
AF magnetic diffraction peak determined by a neutron 
experiment. [13 Actually, the u h¥ {T) curve is well fitted 
by the following expression; 
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FIG. 4: Temperature dependences of (a) A n (b) A n and (c) 
muon precession frequency vaf2tt = cj m ,af and (d) x _1 mea- 
sured in a zero field cooling mode with if =10 Oe |3fH in 
Ca3Co20e. The data were obtained by fitting the ZF-/x + SR 
spectra using the latter three terms in Eq. The solid line 
in Fig. 0Jc) represents the fitting curve using Eq. The 
inset of Fig. ||Jc) shows the log-log plot of ^ A f as a function 
of reduced temperature. 



This provides i/ AF (0K)=14.6±0.8 MHz, /3=0.18±0.12, 
and Tn=29±5 K (see, Fig.^c)). In spite of the low accu- 
racy of the fitting, the critical exponent (/?) obtained lies 
between the predictions for the 2D and 3D Ising mod- 
els 03=0.125 and 0.3125). [H The value of T N is also in 
good agreement with the results of \ an d neutron diffrac- 
tion measurements (Tn=24 K).|ll| These results confirm 
that muons experience the internal magnetic field due to 
the long-range 2D AF order. It should be noted that 
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there are no marked anomalies in the ZF-/i + SR results 
around 10 K corresponding to the ferrimagnetic transi- 
tion temperature. 12] This is very reasonable because the 
ferrimagnetism is induced by the external field. 

There are two probable explanations for the decrease 
in Atf below 100 K. One is a conventional scenario, in 
which a short-range ID F order appears below 100 K 
as proposed by Aasland et al.\l]\ and probably com- 
pletes below ^40 K, because both Atf (Fig-EJ and A s i ow 
(Fig. [3J seem to level off to their minimum value (~0) 
below around 40 K. The long-range 2D AF order then 
appears below 27 K. The other scenario is more ambi- 
tious; that is, a short-range 2D AF order appears below 
100 K and completes below 27 K. This means that the 
ID F order should exist above 100 K, which is not sup- 
ported by the present /j, + SR experiments. Based only on 
the result in Ca3Co20g, it is difficult to determine which 
scenario is more probable. We will therefore discuss this 
problem later. 



B. n=2, 3 and 5 compounds 

Figure EI a) -|3 C ) show the temperature dependences 
of (a) normalized Atf (h-Atf)j (b) Atf, and (c) in 
Ca 3 Co 2 6 0=1), Sr 4 Co 3 9 (n=2), Sr 5 Co 4 Oi 2 (n=3), 
and (Bao.sSro.s^CoeOig (n=5). The data were obtained 
by fitting the wTF-/z + SR spectra using eq. Q without 
the oscillatory signal due to a static internal antiferro- 
magnetic magnetic field (the Aaf signal). In order to 
compare the value of Atf for these samples, NAjf is 
defined as; 



NA 



TF 



^tf(T) 
A 



TF.i 



(3) 



in which Atf, max is the maximum value of Ajf. Since 
Atf, max corresponds to Ajf for the paramagnetic state, 
NAjf is roughly equivalent to the volume fraction of the 
paramagnetic phase in the sample. 

All four samples show the magnetic transition below 
100 K; the onset temperatures of the transition (T c on ) 
are estimated as 100±25 K for n=l, 90±10 K for n=2, 
85±10 K for n—3 and 50±10 K for n=5, respectively. 
The magnitude of T° n is thus found to decrease with n. 
It should be noted that there are no marked anomalies in 
the x"H T ) curve measured with ff=10 kOe at T° n for 
the four compounds. Although NAjf for the n—1 com- 
pound levels off to its minimum value (~0) below 30 K, 
the NAjf (T) curve for the other three compounds never 
reaches their minimum even at 1.8 K, indicating that 
the internal magnetic field is still fluctuating. Indeed, 
Ajf for the samples with n=2, 3 & 5 increases mono- 
tonically with decreasing T, whereas the Xjf(T) curve 
for Ca3Co20g (n=l) exhibits a sharp maximum around 
55 K. 
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FIG. 5: Temperature dependences of (a) normalized Ajf, (b) 
Atf, and (c) inverse susceptibility x _1 in Ca3Co206 (n=l), 
Sr 4 Co30g (n=2), Sr 5 Co 4 Oi2 (n=3), and (Bao.sSro.s^CoeOis 
(n=5). x was measured with magnetic field H—10 kOe in field 
cooling mode. |3(1 | 



In spite of the large decrease in Atf below 100 K for 
the samples with n—2, 3 and 5, the ZF-/1+SR spectra ex- 
hibit no oscillations even at 1.8 K as seen in Fig. [H] This 
indicates that the magnetic moment appears below T° n , 
but is still fluctuating at 1.8 K. The ZF-/i + SR spectra are 
well fitted by a combination of fast and slow exponential 
relaxation functions (for fluctuating moments) and a dy- 
namical Kubo-Toyabe function G DGKT (for a fluctuating 
random moment component). 



A P(t) = As,* exp(-A fast i) 
+ A 5low exp(-A s | ow t) 
+ A KT exp(-A KT t) G DGKT . 



(4) 



The fast exponentially relaxed signal, which corresponds 
to the initial decay of the ZF-spectrum in Fig. El ap- 
pears below ^80 K for the samples with n—2 and 3. 
The Af ast (T) and Af a5t (T) curves increase monotonically 
with decreasing T, as expected from the wTF-/i + SR mea- 
surement. The fitted values of Af ast at the lowest T 
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FIG. 6: ZF-/X+SR spectra at 1.8 K for Ca 3 Co 2 6 (n=l), 
Sr 4 Co309 (n=2), Sr 5 Co40i2 (n=3), and (Bao.sSro.sKCoeOis 
(n=5). The spectra are each shifted upwards by 0.08 for clar- 
ity of the display. 



(=1.8 K) were 55 MHz for Sr 4 Co 3 9 (n=2), 40 MHz for 
Si' 5 Co 4 Oi2 (n=3) and 18 MHz for (Ba . 5 Sro.5)7Co 6 Oi 8 
(n=5). Since these are comparable to the value of 
Aaf(1-8 K)(=55 MHz) for Ca3Co20g, the fast exponen- 
tial relaxed signal in the samples with n > 1 is most likely 
caused by an inter-chain 2D AF interaction. It should be 
noted that Aaf(1-8 K) decreases with n, suggesting that 
the magnitude of the 2D AF interaction is weakened with 
decreasing n. 



C. n=oo compound, BaCoOs 

Figures EI a )-|EI c ) show the temperature dependences 
of (a) Ajf, (b) Ajf, (c) x \ (°0 specific heat C p , and (e) 
its temperature derivative dC p /dT for BaCoC>3 (n=oo). 
Both Ajf and Ajf were obtained by fitting the wTF- 
/i + SR spectra, the same way as the compounds with 
n=2 - 5. The x _1 (T') curve indicates the existence of an 
AF transition at 14 K(=T N ) with H=10 kOe, but a weak 
F or ferrimagnetic behavior below 53 K with ff=100 Oe. 
Also, the C P (T) curve shows a sharp maximum at 15 K, 
indicating the existence of a magnetic transition. How- 
ever, at around 53 K, there are no clear anomalies in 
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FIG. 7: Temperature dependences of (a) asymmetry Af ast 
and (b) relaxation rate Af ast of a fast exponential relaxation 
signal for Sr4Co30g (n=2) and SrsCo40i2 (n=3). The data 
were obtained by fitting the ZF-/i + SR spectrum using eq. 



the C P (T) curve, although the slope (dC p /dT) increases 
slightly around 50 K with decreasing T. The lack of a 
clear anomaly around 50 K in the C P (T) curve suggests 
that the transition at 53 K is induced by the ID F order, 
as in the case for the ID F order in CasC^Og- 

The wTF-/i + SR experiment with 90 Oe show that, as 
T decreases from 100 K, Ajf drops suddenly down to ~0 
at Tn, indicating that the whole sample enters into an AF 
state. Such abrupt change in Ajf is very different from 
those for the other quasi-lD cobalt oxides with n=l - 
5, which typically show a large transition width of 50 - 
80 K. On the other hand, the Atf(^) curve exhibits a 
small increase below ^50 K with decreasing T, probably 
associated with the complicated magnetism observed in 
X with low magnetic fields. As T decreases further from 
50 K, Ajf increases rapidly below 17 K, showing typical 
critical behavior towards Tn- 

The ZF-/x + SR spectrum at 1.7 K exhibits a clear but 
complex muon spin oscillation, displayed in Fig. EI a). 
The Fourier transform of the ZF-/i + SR time spectrum 
(Fig. Efb)) indicates that the ZF-/i + SR spectrum has 
five frequency components [y^ = 14.4, 13.5, 6.4, 5.1 and 
3.5 MHz), even though the sample is structurally single 
phase at room temperature and there is no indication of 
any structural phase transition down to 77 K in resistiv- 
ity (p) and thermopower (TEP) measurements: |22^ nor 
are there any anomalies in the x(T) curve down to 4 K, 
except around Tn- The ZF-spectra were well fitted by 
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FIG. 8: Temperature dependences of (a) weak transverse field 
asymmetry Ajf, (b) exponential relaxation rate Ajf, (c) in- 
verse susceptibility x _1 i (d) specific heat C p , and (e) its tem- 
perature derivative dC p /dT for BaCoOa (n—oo). Ajf and 
Ajf were obtained by fitting the wTF-/x + SR spectra with 
j4tf6xp(-Atf£) cos(tJ ) j : TFi + 0TF)-@ X was measured with mag- 
netic field H— 10 kOe and 100 Oe in both zero-field cooling 
(ZFC) and field cooling (FC) mode. 
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FIG. 9: (a) ZF-^t+SR spectrum for BaCoOa (n=oo) at 1.7 K 
and (b) Fourier transform of (a). The solid line in Fig. |7| 
represents the result of fitting using eq. ©. 



the following equation; 

5 

A P{t) = ^2 ^af,j exp(-X AF st) cos(w M t + 0) 
1=1 

2 

+ Y, A i exp(-Ait), (5) 
i=l 

where Aq is the empirical maximum experimental muon 
decay asymmetry, Aaf,{ and Aaf,i (i = 1 - 5) are the 
asymmetries and exponential relaxation rates associated 
with the five oscillating signals, and Ai and Aj (i = 1 
and 2) are the asymmetries and exponential relaxation 
rates of the two non-oscillating signals (for the muon sites 
experiencing fluctuating magnetic fields). 

The internal magnetic fields of the five signals, i.e., 
U/i i with i = 1 - 5, exhibit a similar temperature depen- 
dence, as seen in Fig. llUf a). That is, as T decreases from 
20 K, each v^i suddenly appears below 15 K, at which 
the C P (T) curve shows a typical behavior for the AF 
transition (Fig. ITUT b)). and increases with a decreasing 
slope dv^^/dT, then levels off to a constant value below 
5 K. Here, it is worth noting that the v^^-vs.-T curve 
indicates the change in an order parameter of the tran- 
sition. Thus, the rapid temperature dependence of 



8 



16 



N 

X 



1 1 I 



cot 



o 



o 



BaCo0 3 
ZF-^iSR 



8h 

■ ■ 

. ma □ □ 

4h m A A 




5 10 15 
TEMPERATURE (K) 



FIG. 10: Temperature dependences of (a) Vpj and (b) C p 
for BaCoOs (71=00). The data of were obtained by fit- 
ting the ZF-spectrum with eq. Q. The inset of Fig. HOf b'l 
shows the dependence of C p /T on T 2 . Since C p /T decreases 
roughly in proportion to T 2 below T^, the magnetic contri- 
bution should not be ignored even at the lowest T measured. 
This means that it is extremely difficult to determine the De- 
bye temperature and/or subtract the lattice contribution from 
the experimental data. 



just below Tn suggests that the transition is likely to be 
continuous. Actually, the C P (T) curve also supports that 
the transition at 15 K is continuous. The five frequen- 
cies are therefore unlikely to be caused by inequivalent 
muon sites in the crystal lattice (compositional inhomo- 
geneities), but most likely reflect the intrinsic behavior 
of BaCo0 3 . 



IV. DISCUSSION 



A. T° n for the compounds with n=l - 5 



In order to understand the common features of the 
macroscopic magnetism of the quasi-lD compounds 
taken collectively, Fig. ^2 shows the average valence of 
Co (Vco) ions, the effective magnetic moment of Co ions 
(M c ff) and the paramagnetic Curie temperature (O p ) as 
a function of n. The Vc (n) curve is calculated from the 
nominal composition of the ID system; that is, we ig- 
nored a possible oxygen deficiency in the samples. The 
values of M e g and P were obtained by fitting the xCO 



curve between 300 - 600 K using the Curie- Weiss law. 
The solid line in Fig. Illf b) represents the M c g (n) curve 
for the charge and spin distribution on the C0O3 chain 
in Table|nl that is, one Co 3+ in the Co0 6 prism (Co 3 ^) 
with the HS state (5=2) and one Co 3+ and (n-l)Co 4+ in 
the C0O6 octahedra (Co 3 + t and Co^ t ) with the LS state 
(5=0 and 1/2). The relationship between M e g and n is 
given by; 



1 



-M 



n- 1 



cff,S=2 ' 



^ JM eff,S=l/2 



(0) 



where M e ff,s=2 and M c g^ = i/ 2 are M e g for Co ions with 
5=2 and 5=1/2 (Co 3 ;!: and Co^). Since the varia- 
tion of measured M e g below n=5 is well explained by 
eq |J7J) the above spin and charge configuration in the 
C0O3 chain is the most probable one. This also suggests 
that the oxygen deficiency in the samples with n < 5 
is very small. For BaCoOs (n=oo), M e g is estimated 
as 2.45 |Ub, whereas it is M e g = 1.73 [1b for Co Q ^ with 
5=1/2. This discrepancy was also reported by another 
group (M e ff ~ 2.3 /^b) and was explained using a large 
g factor (=2.2) for the Co ions, [23] although ,g=2.0 for 
Fe-doped Ca3Co206 was found in an ESR study. [35| 

For Ca 3 Co 2 6 (n=l), 9n=36.1±0.8 K, and this is con- 
sistent with past work. |l2lll3l ] As n increases from 1 to 3, 
Q p changes its sign from positive to negative and rapidly 
decreases down to -180 K, then increases with further in- 
creasing n and approaches ^0 at n=oo. A large negative 
paramagnetic Curie temperature for the samples with 
n=2 and 3 obviously indicates that the transition at T° n 
is caused by an inter-chain 2D AF interaction. Consider- 
ing the structural similarity among the quasi ID cobalt 
oxides, T° n for the samples with n=l and 4 are there- 
fore most likely due to the appearance of the short-range 
2D AF order. The magnitude of the ID F interaction 
would be strongly affected by n, because not only the 
structure of the chain but also the Co valence are altered 
by n (see Table II). Compared with the the intra-chain 
ID F interaction, the inter-chain 2D AF interaction is 
expected to be insensitive to n, as the geometrical ar- 
rangement of the chains in the ab plane is essentially the 
same for all the compounds with n=l - 00. This indicates 
that the inter-chain AF interaction plays a significant role 
for determining the magnetism detected by the current 
/^ + SR measurements. Here we wish to emphasize that 
T° n is not caused by the change in the spin state of Co 
ions proposed by Hardy et aL,|20j| because the decrease in 
Atf confirms the appearance of a magnetically ordered 
phase. On the contrary, it was found that not ^4tf but 
Atf exhibit an anomaly at the spin state transition in 
the layered cobaltites 



afy 

3] 



Since each chain is considered to act as a single spin, 
we ignore the intra-chain ID F interaction. Within the 
mean field theory, Tn is expressed by; 



TN - 2 2Z 1 JAF 1 ~^k^- 



(7) 
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TABLE II: Composition and nominal charge and spin distribution in the C0O3 chain for quasi-one-dimensional cobalt oxides, 
j4n+2Co„+i03ri+3 (A— Ca, Sr, Ba). Here, Co pr i and Co oc t denote the Co ion in a C0O6 prism and in a C0O6 octahedron. 
For the compounds with n— 2-5, mixed valence state would exist in the neighboring CoOe octahedra to minimize electronic 
repulsion. 



n composition charge distribution spin distribution 



1 Ca 3 Co 2 6 CoH, Gol+ 2,0 

2 Sr 4 Co 3 9 Col+, Co 3 +, Co*+ 2,0,1/2 

3 Sr 5 Co 4 Oi2 Co 3 + Co 3 +, Co*+, Co*+ 2, 0, 1/2, 1/2 

5 (Sr 1/2 Ba 1/2 ) 7 Co 6 Oi 8 Co^+ Co S + t , Co*+, Co*+, Co*+, Co*+ 2, 0, 1/2, 1/2, 1/2, 1/2 
00 BaCoOa Co*+ 1/2 



LU 

o 

LU 
I 

< 
> 

o 
O 




3= 



1 1 1 1 1 1 II 1 1 1 

1 


1 1 1 m | - 1 

(b) ■ 
• 


" S=1/2(g=2) 

I ' ■ 





-100 



-200- 




10 100 00 

ninAE n+2 Co n+1 3n+3 



FIG. 11: (a) Average Co valence, (b) effective magnetic 
moment of Co ions (M e g) and (c) paramagnetic Curie 
temperature (Q P ) as a function of n in the ID system, 

^4n + 2Co n + l03n + 3- 



where z is the number of the nearest neighboring spins, 
Jaf is the 2D AF coupling constant and k& is the Boltz- 
mann constant. Although Tn =29±5 K for Ca3Co206 
from the ZF-/i + SR measurement, we introduce a virtual 
Tn (T^) to explain the behavior of the j4tf(T) curve, 
indicating the appearance of the short-range 2D AF or- 



der. Assuming that T c on (or T c mid ) =T N and 2=6, we can 
estimate Jaf for the current samples using the spin distri- 
bution in Table. II. Here, T c mld denotes the temperature 
at which NA T F—0.b. Figures IHla) and[T2tb) show the 
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FIG. 12: The relationship between the inter-chain distance 
dintcr-chain and (a) T c and (b) Jaf in the quasi ID system, 
Ai+2Co n+ i0 3 n+3. The solid and open circles in Fig. I12f a1 
represent T° n and T™ ld and those in Fig.^Jb) corresponding 
Jaf; T c ml<i defined as the temperature at which N Atf=0.5. 

variation of T c and Jaf as a function of the inter-chain 
distance dintcr-chain in A„ +2 Co„ + i0 3n+ 3- Although T c 
decreases with dinter-chain (and/or n), the magnitude of 
Jaf/^b is roughly the same (~20 K or 10 K) for all the 
samples. This suggests that T° n is induced by the 2D AF 
interaction not only for the compounds with n >2 but 
also for Ca3Co20e. 

For BaCoOs, the lowest T c on and the sharp transition 
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width are characteristic features compared with those for 
the compounds with n <5 (see Figs. [5] and ISJl . Also, a 
clear muon oscillation is observed only in BaCo03 below 
15 K. These suggest a smaller fluctuation and/or distri- 
bution of the internal magnetic field in BaCo03 than in 
the compounds with n <5. As seen in Table II, Co 4+ 
ions with S—l/2 (Co^ t ) are stable in BaCoC>3, while 
both Co 3 + ions with S=2 and 5=0 (Co£+ and Co 3 +t) 
coexist in Ca3Co206 and Co^, Co^ and Co Q J. in the 
compounds with n=2 - 5. A mixed valence state is ex- 
pected in the neighboring Co^ and Co 4 J. ions for min- 
imizing electronic repulsion, indicating the existence of 
a fluctuating magnetic field. Also, the spin and charge 
distribution in the compounds with n <5 would induce 
a large distribution in the internal magnetic field. These 
are most likely to be the reasons for the difference be- 
tween BaCoC>3 and the compounds with n=l - 5. 



^0.3-o - 

zi t^W^^ 

I°- 2 -° ^ c»mn- 
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Eo.1-°/ H=10kOe_ 

fc= n ° ZFC 
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FIG. 13: Temperature dependence of the slope of x _1 
(dx _1 /dT) for Ca3Co20e. x are the data shown in Fig.ETcV 



B. Ferromagnetic order along the chain 

As seen in Fig. the x _1 (T) curve for BaCoOs ex- 
hibits a weak F or ferrimagnetic behavior below 53 K 
only under low magnetic fields. Reflecting this change, 
Atf increases slightly below ~50 K with decreasing T, 
while there are no anomalies in the Atf curve down to 
15 K. It is therefore most reasonable to conclude that, as 
T decreases, the ID F order completes below 53 K, then 
the 2D AF order becomes stable below 15 K. In other 
words, the F order in the chain is easily observed by 
X measurements but looks very complex in /^ + SR. This 
situation is similar to the case for the typical ID anti- 
ferromagnet CSC0CI3, in which the short-range ID AF 
order appears below 75 K.j3(J This corresponds to the 
maximum in the x(T) curve. Nevertheless, moving soli- 
tons along the chain[32j induce a large fluctuation of the 
internal field at the muon sites. As a result, /x + SR was 
able to detect the 2D AF order but unable to observe the 
short-range ID AF order. [3^ 

For the compounds with n=l - 5, we propose that T° n 
(or T™ id )=T^ is caused by the 2D AF interaction. Hence, 
there should exist a transition into the short-range ID F 
ordered state above T° n . For Ca 3 Co2 06, this require- 
ment is very consistent with the indication of a short- 
range magnetic order below ~200 K detected by a specific 
heat measurement . poj The x _1 (T) curve for the current 
Ca3Co206 also exhibits a deviation from the linear rela- 
tionship below ~ 150 K (see Fig. ll3|) . 13| presumably in- 
dicating the appearance of the ID F order. Furthermore, 
recent x measurements for the compounds with n=2 - 5 
showed a field dependence even at 300 K.[3jJ This may 
be due to the appearance of short-range ID F order along 
the chain. The overall scenario for the quasi-lD systems 
is therefore that the ID F ordered state exists even at 
^200 K, while the 2D AF ordered state appears below 
^100 K. The former is very difficult to detect by /i + SR 



and neutron diffraction measurements, but the latter can 
be relatively easily observed by /i + SR. 



C. Multi- frequency components in BaCo0 3 

In order to evaluate the critical exponent {(3) for the 
AF transition, Fig.ll4lshows the relationship between the 
normalized oscillation frequency ^ Mi i/V M ,i(0K) and the re- 
duced temperature (Tn-T)/Tn- Here, z^ Mi i(0K) and Tn 
are obtained by fitting the v^iT) curve (Fig. fTOf) with 
eq. ©. We obtain /?=0.191±0.009 and T N =14.5±0.2. 
The evaluated f3 for BaCoC>3 also ranges between the 
predictions for the 2D and 3D Ising model (/3=0.125 and 
0.3125) , and is roughly the same as that for Ca3Co206 
(/3=0.18±0.12). This indicates a strong 2D character 
of the AF transition in BaCoC>3, in contrast to /3=0.31 
for the ID antiferromagnet CsCoBr 3 . .40] Here (3 of 
CsCoBr3 was evaluated using the neutron diffraction 
data in the vicinity of T N (5xl0~ 4 < (T N - T)/T N < 
0.08), whereas (3 of BaCo0 3 the ^SR data at 0.03 < 
(T N - T)/T N < 0.9. According to Ref. [40], however (3 
of CsCoBr3 looks almost the same value (0.31) even us- 
ing the data at 0.03 < (T N - T)/T N . The result that 
/3[BaCo0 3 ] < /3[CsCoBr 3 ] is therefore reliable. This dis- 
crepancy is probably due to the difference of the d orbitals 
contributing to the magnetism; that is, ti g for Co 4+ in 
BaCoC>3 and e g for Co 2+ in CsCoBr 3 . The overlap of the 
former between the neighborin g ch ains is expected to be 
smaller than that of the latter. |41| 

The simple hexagonal structure of BaCoC>3 (and the 
lack of structural phase transitions at low T) and good 
quality of our sample suggest the difficulty for explain- 
ing five frequencies by multi- muon sites and/or inhomo- 
geneity of the sample. In addition the fact that the five 
frequencies show a sharp transition at the same temper- 
ature indicates that these are the intrinsic behavior in 
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FIG. 14: Log-log plot of the average of normalized oscillation 
frequencies as a function of reduced temperature for BaCoOa . 



BaCo03. We consider the following two hypotheses; 

1. coexistence of 2D AF and ID F interaction 

According to the \ measurement at high T, the 
paramagnetic Curie temperature P was found to 
be almost K. This indicates that the magnitude 
of the inter-chain 2D AF interaction is roughly 
the same as that of the intra-chain ID F interac- 
tion. The highest frequency in Fig. [5] (14.4 MHz) 
is comparable to the AF oscillation frequency in 
Ca 3 Co 2 6 (15 MHz at 1.8 K). The signals with 
~5 MHz would correspond to the magnetic fields 
of the intra-chain ID F order. 

2. AF domain structure 

One C0O3 chain (at (0,0)) is surrounded by six 
nearest neighboring C0O3 chains in the 2D triangu- 
lar lattice. We ignore the effect of the second near- 
est neighboring chains. If the dipole field from the 
nearest neighboring chain is defined as h at (0,0), 
the total field at (0,0) can be represented by; Hq, 
Hq ± 2h, Ho ± Ah and Hq ± 6h, in which Ho is the 
field from the chain at (0,0). This could be con- 
sistent with a roughly symmetrical distribution of 
v^.i at 1.8 K (see Fig. EJb)). In this case, 7^/271 x 
H a -10 MHz, where 7 m /2tt = 18.55342 kHz/Oc. 
Furthermore, the electronic structural calculation 
suggested almost a similar stability for the two type 
of AF configuration, although the F configuration 
was predicted to be most stable, 



Magnetism of quasi one-dimensional (ID) cobalt ox- 
ides ^4-E n+ 2Co„ + i03„ + 3 (AE—Ca, Sr and Ba, n=l, 2, 3, 
5 and 00) was investigated by susceptibility (\) and muon 
spin rotation and relaxation (/i + SR) measurements us- 
ing polycrystalline samples, at temperatures from 300 K 
down to 1.8 K. The x measurement confirmed a system- 
atic change in the charge and spin distribution in the ID 
C0O3 chain with n. The weak transverse field (wTF- 
) /x + SR experiments showed the existence of a magnetic 
transition in all five samples investigated. The onset tem- 
perature of the transition (T c on ) was found to decrease 
with n; that is, 100±25 K, 90±10 K, 85±10 K, 50±10 K, 
and 15±1 K for n=X, 2, 3, 5, and 00, respectively. In par- 
ticular, for the samples with n=2 - 5, T° n was detected 
only by the present /i + SR measurements. A muon spin 
oscillation was clearly observed in both Ca3Co206 ("-=1) 
and BaCo03 (n—oo), whereas only a fast relaxation is 
apparent even at 1.8 K in the other three samples (n=2, 
3 and 5). 

A large negative paramagnetic Curie temperature for 
the samples with n=2 and 3 indicated that the transi- 
tion at T™ is caused by an inter-chain two-dimensional 
(2D) antiferromagnetic (AF) interaction. Considering 
the structural similarity among the quasi ID cobalt ox- 
ides, the transitions at T° n for the samples with n=l and 
5 were therefore most likely due to the appearance of the 
short-range 2D AF order. This suggested that the ID fer- 
romagnetic order in the C0O3 chain of Ca3Co206 ("-=1) 
would occur at higher temperatures (~200 K) than pro- 
posed previously (~80 K). 

For BaCoC>3 (n=oo), the \ measurement confirmed 
that T c on =T N (=15 K) and T c =53 K, which corresponds 
to the ferromagnetic (F) transition caused by an intra- 
chain ID interaction. Nevertheless, the wTF-asymmetry 
(Atf) did not exhibit a marked anomaly at Tq, while 
Atf is very sensitive to the formation of magnetic or- 
der. This is likely to be caused by a domain motion 
in the ID chain, as in the case for CSC0CI3. In spite 
of the fact that the sample is structurally homogeneous, 
the ZF-/1+SR spectrum showed a complex of at least five 
frequency components below Tn, which require further 
detailed studies. 
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